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Calcium release and influx colocalize to the endoplasmic reticulum
Marisa Jaconi*, Jason Pyle*, Ryan Bortolon*, Joyce Ou* and David Clapham†
Intracellular Ca2+ is released from intracellular stores
in the endoplasmic reticulum (ER) in response to the
second messenger inositol (1,4,5) trisphosphate
(InsP3) [1,2]. Then, a poorly understood cellular
mechanism, termed capacitative Ca2+ entry, is
activated [3,4]; this permits Ca2+ to enter cells through
Ca2+-selective Ca2+-release-activated ion channels
[5,6] as well as through less selective store-operated
channels [7]. The level of stored Ca2+ is sensed by
Ca2+-permeant channels in the plasma membrane, but
the identity of these channels, and the link between
them and Ca2+ stores, remain unknown. It has been
argued that either a diffusible second messenger
(Ca2+ influx factor; CIF) [8] or a physical link [9,10]
connects the ER Ca2+-release channel and store-
operated channels; strong evidence for either
mechanism is lacking, however [7,10]. Petersen and
Berridge [11] showed that activation of the
lysophosphatidic acid receptor in a restricted region of
the oocyte membrane results in stimulation of Ca2+
influx only in that region, and concluded that a
diffusible messenger was unlikely. To investigate the
relationship between ER stores and Ca2+ influx, we
used centrifugation to redistribute into specific layers
the organelles inside intact Xenopus laevis oocytes,
and used laser scanning confocal microscopy with the
two-photon technique to ‘uncage’ InsP3 while
recording intracellular Ca2+ concentration. Ca2+
release was localized to the stratified ER layer and
Ca2+ entry to regions of the membrane directly
adjacent to this layer. We conclude that Ca2+
depletion and entry colocalize to the ER and that the
mechanism linking Ca2+ stores to Ca2+ entry is
similarly locally constrained. 
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Results and discussion
We used a centrifugation technique to stratify the
organelles and other subcellular components of an intact
Xenopus oocyte into separate layers according to their
density [12,13]. This stratification resulted in four pre-
dominant layers: lipid, ER, mitochondria and yolk (from
top to bottom). The normal and stratified oocytes were
easily distinguished and the layers in the stratified oocytes
were visible by eye (Figure 1a). The structural morphol-
ogy of the ER (as stacks of elongated cisternae) and mito-
chondria was preserved, as shown by transmission electron
micrographs taken from sections across the middle of the
ER and mitochondrial layers (Figure 1b,c). 
In the stratified oocyte, the InsP3-sensitive Ca2+ store was
functionally assessed by ‘uncaging’ otherwise inactive
InsP3 within different layers. For this purpose, a laser
scanning confocal microscope [14] was adapted for 720 nm
two-photon illumination [15]. This technique was used to
uncage InsP3 in a small volume (~1 mm3) while we 
Figure 1
The stratified oocyte. (a) Normal (top) and
stratified (bottom) oocytes (of ~1 mm diameter)
are shown, with the lipid (L), endoplasmic
reticulum (ER), mitochondrial (M) and yolk (Y)
layers of the stratified oocyte indicated.
Transmission electron micrographs through (b)
the ER and (c) the mitochondrial layers. The
scale bar represents 500 nm. 
simultaneously measured the intracellular Ca2+ concentra-
tion, [Ca2+]i. Highly localized release of InsP3 in the
unstratified oocyte generated planar circular Ca2+ waves,
similar to those described previously [16,17]. The InsP3-
induced  increase in Ca2+ measured within different layers
of the stratified oocyte confirmed that the layer formerly
shown to be predominantly ER [18] was a major intracel-
lular Ca2+ store and was sensitive to InsP3 (Figure 2b,f).
Minimal or no Ca2+ responses were detected in the lipid,
mitochondrial, and yolk layers (Figure 2a,c,d; n = 15). 
The functional state of the ER in the stratified oocyte was
also tested by checking its ability to support regenerative
Ca2+ waves. To this end, caged InsP3 previously injected
into the oocytes was released using light from an ultra-
violet (UV)-laser scanning across the stratified ER layer
[19]. Uncaged InsP3 released significant amounts of intra-
cellular Ca2+ (Figure 2g) and generated Ca2+ oscillations.
InsP3 released on the edge of the layer generated a Ca2+
wave propagating preferentially along the ER layer at
(Figure 2h; 13.8 ± 1 mm/s). Ca2+ wave propagation and
annihilation were observed in stratified oocytes only along
the ER layer (Figure 2i), but can be seen throughout the
visible regions of normal oocytes [16,17]. It was also possi-
ble to elicit such Ca2+ waves using the more defined two-
photon uncaging beam; again, Ca2+ wave propagation and
annihilation were observed in stratified oocytes only along
the ER layer, but could be seen throughout the visible
(and superficial — see [20]) regions of normal unstratified
oocytes (data not shown). These experiments demonstrate
that the stratified ER is functional.
In order to correlate the location of Ca2+ influx with the
position of Ca2+ stores (the ER layer), oocyte Ca2+ stores
were depleted by treating the oocytes with thapsigargin (a
blocker of ER Ca2+ pumps) [21] and the Ca2+ influx was
measured using confocal microscopy [19]. In the unstrati-
fied oocyte, store depletion by thapsigargin induced a
modest [Ca2+]i increase adjacent to the plasma membrane
upon readdition of Ca2+ to the extracellular medium
(Figure 3a). In contrast, store depletion and Ca2+ readdi-
tion in the stratified oocyte resulted in an intense [Ca2+]i
signal that colocalized with the ER layer (Figure 3b).
Stores were also depleted in the stratified oocyte by repet-
itive uncaging of InsP3 using UV-laser photoactivation in
the absence of extracellular Ca2+ (the concentration of free
extracellular Ca2+ was ~ 10 nM, buffered by 10 mM
EGTA). When [Ca2+]i changes were no longer observed
(Figure 3c, 15 s), re-addition of Ca2+ to the extracellular
medium produced a [Ca2+]i increase that once again colo-
calized with the ER (Figure 3c, 50–120 s). Subsequent
photorelease of InsP3 demonstrated that the stores had
refilled and regained the ability to release Ca2+ (Figure 3c,
+ 4 s). Previous experiments using stage V oocytes [17,19]
ruled out the possibility that Ca2+ entry produces Ca2+-
induced Ca2+ release. No ryanodine receptors have been
detected in stage V oocytes, either by direct antibody
staining or by release of caged Ca2+ [17,22].
Ca2+ influx 30 seconds after readdition of Ca2+ to the
extracellular medium (measured by fluorescence) was
compared with the amount of Ca2+ release elicited by
InsP3 uncaging in the corresponding layers in the strati-
fied oocyte (Figure 3d). Both Ca2+ release and subsequent
influx predominated in the ER. A small localized Ca2+
influx could be seen in submembrane regions of the lipid
and mitochondrial layers and was most probably due to
the presence of residual ER. Electron microscopy
revealed a small amount of residual ER closely apposed to
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Figure 2
Localization of Ca2+ release in the stratified oocyte. (a–d) Two-photon
uncaging of InsP3 (at sites labeled with arrows) in sequential layers of
the stratified oocyte. Maximal uncaging in (a) lipid, (b) ER, (c)
mitochondrial, (d) and yolk layers. (e) A schematic of the layers of the
stratified oocyte (labeled as in Figure 1) and a color-coded bar of
[Ca2+]i. Note that a significant Ca2+ increase (red spot) is measured
only in the ER layer (b). (f) Time course of InsP3-induced Ca2+ release.
The image interval is 1.4 s and the scale bar is 100 µm. (g) Time
course of the [Ca2+]i oscillations in the ER layer resulting from the
uncaging of InsP3 throughout the layer by the UV-raster scan (purple
line). (h) Time course of the propagation of a Ca2+ wave along the ER
layer elicited by UV-raster scan uncaging of InsP3. (i) Time course of
the propagation and annihilation of two waves generated at opposite
ends of the ER layer.
the plasma membrane (17 ± 2 nm, n = 11; see also [13]).
When InsP3 was released immediately under the mem-
brane of the stratified oocyte, very localized Ca2+ release
was occasionally observed in the lipid and mitochondrial
membrane layers (data not shown).
In summary, measurable InsP3-gated Ca2+ release in strati-
fied oocytes was restricted largely to the ER layer and sig-
nificant capacitative Ca2+ entry was found only across the
plasma membrane in these areas. We conclude that the ER
colocalizes with, and presumably controls, site-directed
activation of Ca2+ influx. Interestingly, Ca2+ influx in the
ER layer of stratified oocytes was significantly greater than
the influx observed for a similar area in normal oocytes.
Assuming that there was no prior native or centrifugation-
induced localization of Ca2+ channels to this region, this
observation suggests that there is a dose-dependence of
the presumptive ER factor or linking molecule and that
the normal cellular density of ER (which is lower than that
in stratified oocytes) does not fully activate all available
Ca2+-entry channels. In other words, there appears to be
spare capacity for Ca2+ entry at the plasma membrane.
The strict requirement for proximity between the intracel-
lular Ca2+ stores and the plasma membrane Ca2+ channels
indicates that a stable diffusible messenger is not a viable
candidate for the Ca2+ influx signal. Indeed, our findings
are incompatible with the very stable, low molecular
weight (< 500 Da) second messenger, CIF, suggested by
Ramdriamampita and Tsien [8]. If we assume that the
putative second messenger that activates store-operated
channels has a molecular weight equal to that of fura-2
(637 Da; diffusion coefficient = 50 × 10-11 m2s-1; [23]), one
can calculate that the putative CIF would reach all the
margins of the oocyte between 1 and 10 minutes after
release, using reasonable assumptions about initial con-
centration and effective CIF concentration at the site of
action. Even 2 hours after the start of incubation in thapsi-
gargin and the resulting store depletion, however, we
detected no Ca2+ entry through the oocyte membrane in
regions distant from the ER layer. We conclude that a dif-
fusible messenger would have to be continuously pro-
duced from the ER and either degraded or bound by
cytoplasmic elements. Alternatively, the messenger is
directly tethered, either as a single molecule or multimol
ecular complex. We suspect that direct links to the plasma
membrane from the ER would be broken by the centrifu-
gation protocol used here. If the direct link hypothesis is
correct, then the centrifuged ER must rapidly reform its
links to the membrane channel from its new stratified
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Figure 3
(a–c) Comparison of store-dependent Ca2+
influx in normal and stratified oocytes. A
schematic of each oocyte (labeled as in Figure
1) is shown alongside a time course of the
increase of [Ca2+]i (color-coded as in Figure
2) upon re-addition of external Ca2+ (10 mM)
to the bath (at time zero). (a) Control
thapsigargin-treated oocyte. Confocal gain
and oocyte position was optimized to the most
sensitive level for Ca2+ detection. (b) Stratified
thapsigargin-treated oocyte. (c) Stratified
InsP3-treated oocyte: the ER in the oocyte
was depleted of Ca2+ by repetitive uncaging
of InsP3 using UV-laser photoactivation in the
absence of extracellular Ca2+. After [Ca2+]i
changes were no longer observed (15 s), re-
addition of Ca2+ to the extracellular medium
produced an increase in [Ca2+]i that once
again colocalized with the ER (50–120 s).
Subsequent photorelease of InsP3, 4 s after
uncaging, demonstrated that the stores had
refilled and regained the ability to release
Ca2+ (+ 4 s). (d) Fluorescence increase was
used to quantitate both the Ca2+ influx 30 s
after Ca2+ re-addition (shaded bars) in
different layers of the stratified, store-depleted
(thapsigargin-treated) oocyte and the relative
levels of InsP3-induced Ca2+ release (open
bars) within different layers of undepleted,
stratified oocytes.
location. Whether the close spatial link has a physical
(structural) origin remains to be proven. 
Although our data do not allow us to discriminate defini-
tively between a soluble messenger and a physical link
coupling the Ca2+-influx membrane channels to the intra-
cellular Ca2+ stores, they demonstrate that capacitive Ca2+
influx at the membrane depends closely upon the spatial
proximity of intracellular Ca2+ stores. If a diffusible mes-
senger exists, it must reside within the ER and have a
limited range of activity. Further progress in understand-
ing will depend on the characterization of the Ca2+-entry
channels and/or on the identification of the linking/mes-
senger molecule.
Materials and methods
Stage V albino Xenopus oocytes were surgically removed from female
adult frogs. Oocytes were injected with fluo-3 (50 nl 1 mM dye per
oocyte; Molecular Probes) and with caged InsP3 (final concentration of
1 mM). Depletion of the intracellular Ca2+ stores was obtained by incu-
bating the oocyte (previously injected with fluo-3) with 2 mM thapsigar-
gin for 2 h in buffer containing 95 mM NaCl, 2 mM KCl, 5 mM MgCl2,
5 mM Hepes pH 7.5 and 0.1 mM EGTA. Oocyte stratification was
obtained by layering the oocytes over Ficoll 400 (30%) followed by
centrifugation for 1 h at 4000 × g as described [13]. Quantitation of
[Ca2+] using nonratioing dyes is prone to error but, on the basis of pre-
vious calibrations, Ca2+ release from stores in the presence of 2 mM
extracellular Ca2+ results in a [Ca2+]i of ~200–800 nM.
The light source used for two-photon uncaging was a pulsed Ti:sap-
phire laser (Mira 900, Coherent Laser Inc.: pulse width ~160 fs; repeti-
tion rate 76 MHz; average power at laser output ~1 W; average power
at specimen ~50 mW; wavelength 720 nm). To obtain two-photon
uncaging while simultaneously imaging Ca2+, the confocal microscope
was adapted so that the pulsed beam arrived at the objective via the
camera port. This path was designed so as to minimize the pulse broad-
ening and the subsequent power loss incurred from the LSM optics.
Coincidence of the visible and two-photon focal planes was verified
using thin confocal sections (~5 µm). An external shutter system con-
trolled exposure times (0.01–1.0 s). The two-photon beam was steered
from the Mira 900 laser to the camera port using custom IR gold reflec-
tive mirrors (CVI Laser Inc.). To compensate for the focusing optics
within the microscope, a 40 mm achromate was placed in the beam
path before entry into the port. Adjustments in focusing lenses were
made to present a parallel beam to the back aperture of the objective.
Conventional confocal optics were used to image fluo-3 (510 nm
dichroic mirror, 515 nm LP emission filter; Chroma Technology). 
To allow simultaneous 488 nm imaging and two-photon uncaging, an
extra 610 nm LP dichroic mirror was inserted in the excitation path to
reflect the 488 nm beam and pass the 720 nm two-photon beam. Emis-
sion spectra were passed back through the same 488 nm excitation path
to the internal photomultiplier tube of the LSM 410. The ability of fluo-3 to
monitor [Ca2+] changes in the different layers (which is especially difficult
in the lipid layer where the dye is confined between the lipid droplets) was
confirmed by producing a hole in the plasma membrane by directing the
laser beam to the region at high power (75 mW at sample, 2 s duration).
The Ca2+ leak through the resulting hole produced a saturating level of flu-
orescence in each layer tested. Oocytes were oriented using a suction
pipette such that each confocal section passed through all four stratified
layers. The effective thickness of the confocal optical section was 30 µm
[20]. Confocal images were acquired at 1.4 s intervals. All Ca2+ concen-
trations are presented as absolute units, ranging from 0 to 255. Images
(256 × 256 or 512 × 512) were compiled with ANALYZE software (Mayo
Foundation) on a Silicon Graphics Iris Indigo computer (Mountain View).
The diffusion of a solute in a sphere was calculated using the equation
δc(r,t)/δt = D[∇2c(r,t)] in which c is concentration, r is radial dimension,
t is time, and D is the diffusion constant [24]. The partial differential
equation was solved using Mathematica (Wolfram Research) on the
basis of the assumption of diffusion from a point at the center of a
1 mm diameter homogeneous sphere.
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